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Chapter 1.   
General Introduction 
 
1.1 Food and agricultural resources  
Every person on earth needs a daily supply of food. The production of all this 
food requires resources. A piece of land to cultivate the crops, nutrients and 
water to let it grow, and work to plant it and harvest it. 
Living on a finite planet means that these resources are limited. Human 
consumption is reaching the limits of the planet, and food production is a major 
player (Rockström et al., 2009). The global use of resources for food is 
enormous. Agricultural production uses 40% of the global land (FAO, 2013c) 
and 70% of the anthropogenic global use of water (FAO, 2013a). The increase 
of land use in the last decades has led to serious environmental impacts such as 
loss of both biodiversity and many ecosystem services (Foley et al., 2005). The 
increase of irrigation with underground water has led to an overuse of water 
reserves and declining water tables (Foley et al., 2005).  
Nitrogen is the most important limited nutrient for crop production (Engels & 
Marschner, 1995). In the late 19th century, the discovery of artificial nitrogen 
fertilizer production by the Haber-Bosch synthesis of ammonia increased 
enormously the potential of crop yields (Smil, 2001). During the so-called 
“green revolution” during the 20th century, synthetic nitrogen fertilizer was 
widely spread around the globe resulting in a doubling of global food 
production in just few decades (Alexandratos & Bruinsma, 2012; Bumb, 1995) 
leading to large health benefits: decreasing malnutrition and improving food 
security in low income countries. Though, its use has caused strong 
environmental impacts (Sutton et al., 2013) such as local pollution (Eickhout et 
al., 2006; Shindo et al., 2006), affecting the global nitrogen cycle (Galloway et 
al., 2008; Smil, 1999) and represents an important indirect energy use in 
agriculture (Woods et al., 2010). Half of the global energy use in agriculture is 
related with the production of synthetic nitrogen fertilizer and the other half is 
related with fuel for running machinery (Woods et al., 2010). 
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In the coming decades, global food demand will increase due to population 
growth and change in dietary patterns (Godfray et al., 2010b). The strong 
environmental impacts already caused by the global food production could 
increase further, which may compromise the development of a more 
sustainable food system (Foley et al., 2011; Fresco, 2009; Godfray et al., 2010a; 
Tilman & Clark, 2014; Tilman et al., 2011). A global sustainable food system 
should supply enough nutritional food for everyone with the lowest 
environmental problems as possible. 
1.2 Regional difference 
The IPAT approach (Ehrlich & Holdren, 1971) is a methodology commonly used 
in environmental sciences (Chertow, 2000). It is useful to understand the 
individual impact of the main factors driving the use of agricultural resources. 
This approach indicates that the environmental impact of a country (I) depends 
on the size of the population (P), the affluence (A) and the technology (T). As an 
analogy, the use of agricultural resources needed for food (I) depends on the 
size of the population (P), on the type of diet (A) and on the type of agricultural 
production system (T). These three parameters and their dynamics show 
enormous variations throughout the world which are described below. 
Population numbers and population growth can be strongly different among 
regions. Some countries have large population in relation to their land resulting 
in densely populated areas such as Bangladesh and the Netherlands in 
comparison with other countries with low population density such as Botswana 
and Australia. Population density is not related with socioeconomic 
development. In contrast,  the growth rate of a population is closely related 
with socioeconomic development. The demographic transition theory 
(Chesnais, 1992) states that the increase of per capita income results in a 
decrease of the fertility rate, so population growth decreases with the increase 
of economic development. Low income countries such as Angola, Uganda  and 
Zimbabwe had an annual fertility rate of 3% in 2013 while high income 
countries such as Denmark, Germany and the Netherlands had an annual 
fertility rate of less than 0.5% in the same year (World Bank, 2014).  But also, 
other demographic factors affect the fertility rate. For example, in general, the 
fertility rate in rural areas is higher than in urban areas (Li & Wang, 1994). 
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Diets vary around the globe. The nutritional requirements for a healthy diet can 
be obtained from a variety of food items resulting in different composition of 
menus around the globe (Menzel & D'Aluisio, 2005). These differences can be 
related with culture, food availability, production of local products, income 
level, religion or others. For example, all people consume cereals but not the 
same type. Rice is mainly consumed in Bangladesh, maize in Mexico and wheat 
in Turkey (FAO, 2013d). In rural areas of Africa, people mainly consume 
traditional grains such as fonio (Garí, 2001), in contrast with people in urban 
areas of industrial countries who mainly consume modern grains such as 
hybrid cereals. Similar differences exist with other food items.  
The dynamics of the diets are different among regions. The changes in food 
consumption patterns of a population are related with socioeconomic 
development as well as with social factors such as culture and urbanization. 
The Nutrition Transition Theory (Popkin, 1993) has been widely used in the 
literature to describe dietary changes in relation to income level. This theory 
states that diets change with increase of income levels as follows: starting with 
an under nutrition state, first the amount of calories increases including mainly 
staple food such as cereals, roots and pulses. Then, diet diversifies increasing 
the consumption of fats (e.g. animal products), sugars and processed food, 
leading to health problems like obesity. Lastly, diets reach a final state by 
increasing the consumption of fruits, vegetables and carbohydrates, and 
reducing fats, leading to health improvements. Some studies have calculated 
the relation between income levels and caloric consumption of different food 
categories for different countries (Gerbens-Leenes et al., 2010; Poleman & 
Thomas, 1995), showing the clear increase of affluent food products 
consumption (e.g. animal products) with income levels. However, some 
countries have deviated from this trend due to other factors. Since the last 
decades, these dietary changes in developing countries have happened in lower 
levels of income due to fast urbanization, lower food prices, globalization of the 
food system, fast food and retail services (Kearney, 2010).  Also, cultural 
differences result in different dietary patterns. For example, for a similar 
socioeconomic development stage, the per capita meat consumption in Brazil 
and China has been relatively higher than the world’s average; in contrast, the 
meat consumption in India has been relatively lower (Alexandratos & 
Bruinsma, 2012). 
The type of agricultural systems of a certain population is related with the 
socioeconomic development, the physical conditions of the soil, the climate, the 
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type of management practice and the population density. The type of 
agricultural system can be classified in intensive and extensive systems. 
Extensive systems use low amount of yield-related inputs (e.g. fertilizers, 
irrigation) resulting in low crop yields, and intensive systems use large amount 
of these inputs resulting in high crop yields. The intensity of the agricultural 
system is closely related with economic development. Pimentel (Pimentel, 
2009; Pimentel & Pimentel, 2008) have shown that production systems in low 
income countries use almost no yield related inputs nor machinery resulting in 
low crop yields in comparison with production systems in high income 
countries which use large amounts of these inputs resulting in high crop yields. 
But, the intensity of the system and the economic development do not always 
show a linear relation because other factors affect the choice of the 
management practice. For example, increase of population density can increase 
labour productivity and intensification of agriculture (Boserup, 1965). Some 
studies have shown a clear trend between the increase of population density 
and the increase use of fertilizers (Arizpe et al., 2011; Smil, 2001, fig 8.8).  In 
addition, local physical conditions such as climate and the type of soil, influence 
the productivity of the system. This leads to different crop yield potentials 
throughout the world (Licker et al., 2010; Lobell et al., 2009; Neumann et al., 
2010).  
This overview shows that regional differences of population numbers, diets and 
agricultural systems are large, and their dynamics are driven by several factors 
from different disciplines: socioeconomic development, culture, nutrition, 
agronomy, climate, geography and others. It is essential to consider these 
regional differences when studying global food security because food supply is 
mainly regionally organized. Globally, only 10% of the countries’ food supply is 
originated from food imports (FAO, 2013d). This means that food is mainly 
produced and consumed in the same country.  
Some studies have analysed the future sustainability of the global food system 
by using global values (Godfray et al., 2010a; Tilman et al., 2011). However, the 
global average of food security indicators do not show the strong regional 
variations such as population dynamics, resource availability per capita, 
agricultural productivity (crop yields), food demand per capita, and others. This 
thesis focuses on the analysis of these regional differences relevant for the 
global use of agricultural resources.   
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As mentioned before, a sustainable future of the global food system includes 
producing the food with the lowest environmental impact as possible. So, it is 
necessary to consider the use of all major resources at the same time because 
the use of each resource results in a different environmental impact. The use of 
these resources have trade-offs between them. Many studies have analysed, in 
more detail than the global studies, the use of one of these resources: land 
(Fader et al., 2013; Kastner et al., 2012; Ramankutty et al., 2008; White, 2007), 
water (Hoekstra & Mekonnen, 2012), nitrogen (Bouwman et al., 2011; Leach et 
al., 2012; Liu et al., 2010; Pierer et al., 2014; Shindo et al., 2006; Xiong et al., 
2008) and energy (Berners-Lee et al., 2012; González et al., 2011). But, by 
focusing on only one resource, the trade-off with other resources is not 
considered leading to biased sub-optimal conclusions. For instance, the studies 
about nitrogen fertilizer use suggest a need to decrease its use. But, the strong 
trade-off between nitrogen and land could, in some cases, result in stronger 
environmental implications (such as deforestation, biodiversity and erosion) 
than a high nitrogen use. So, in addition to consider the regional differences, 
this thesis analyses the main trade-offs among these resources. 
1.3 Aim and scope of the thesis 
The main aim of this thesis is to assess the sustainability of the global food 
supply system. The sustainability of the food system is defined as supply 
enough food for everyone with the lowest environmental impact as possible. 
The environmental impact is discussed with the use of the main agricultural 
resources (land, water, nutrients and work) and their trade-offs. In order to 
have an integrative understanding of the global food system, the thesis takes a 
demand perspective: food demand is the starting point. The impact of food 
demand on the use of agricultural resources is assessed by considering the 
dynamics and regional diversity of population numbers, diets and agricultural 
systems. An interdisciplinary analysis is needed to integrate the drivers of the 
different disciplines related with food demand and food production (population 
dynamics, dietary changes, agricultural systems, socioeconomic development, 
culture, demography, etc). The results are used to discuss future implications 
on the use of agricultural resources. 
The main research questions that are addressed throughout the thesis are:  
How do the main drivers of food demand impact the use of resources? What are 
the relevant global differences in relation to the use of resources? What have 
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been the main trends (changes in the last decades)? What are the trade-offs 
and/or feedback loops in the use of agricultural resources? What can we learn 
from these findings to have an integrative assessment for the future use of 
resources? 
The goal of integrating regional differences, interdisciplinary indicators and 
trade-offs among resources results in a methodological challenge to achieve an 
integrated overview of the global use of resources. Therefore, a methodology 
was developed throughout the thesis to simplify the global food system in a 
way that the regional differences relevant for the use of resources can be 
analysed as well as the trade-offs among resources. At the end of the thesis 
(chapter 7), this methodology is described in detail as well as the consequences 
for the future use of resources based on the integrative understanding obtained 
throughout the thesis. 
1.4 Structure and approach in each chapter 
The thesis is divided into 7 chapters. Chapter 1 is the general introduction in 
which a literature review shows the challenges to analyse the sustainability of 
the global food system, and the general aim of the thesis is described. Chapters 
2 to 6 show the results of the different sub-projects of the thesis. Throughout 
these chapters, the use of the main agricultural resources is analysed: land, 
water, nitrogen fertilizer and labour. In each chapter, one or two resources are 
explored in detail.  Each chapter has a specific approach and focuses on 
different indicators and drivers to discuss the use of resources. 
The regional differences in resource availability are analysed in chapter 2. This 
chapter focuses on the impact of population growth on the availability of land 
and water in relation to the socioeconomic development of the population. The 
indicators to discuss the use of resources are the availability of land and water 
per capita in different socioeconomic groups.  
The main trade-offs among resources are between nitrogen and land, and 
between human labour and machinery. These trade-offs are analysed in 
chapters 3-5. Chapter 3 focuses on the trade-off between nitrogen and land by 
studying the impact of population density and type of diets on the intensity of 
the agricultural production system. The indicator to measure the intensity of 
the system is the nitrogen fertilizer application rate. A model is developed and 
Chapter 1. General Introduction  
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validated with country level data to show the relationships among population 
density, diets and production system. Chapter 4 also studies the trade-off 
between nitrogen and land but with a different approach. It focuses on the 
impact of diets and production systems on the per capita use of both nitrogen 
fertilizer and land. A footprint approach is followed, so the indicators to discuss 
the trade-offs between nitrogen and land are the amount of nitrogen fertilizer 
and land use per capita. Chapter 5 focuses on the trade-off between human 
labour and machinery. This chapter studies the impact of diets and production 
systems on the amount of farm labour required for food production. Similar to 
chapter 4, a footprint approach is followed, so the indicator to discuss global 
differences in labour is hours of farm labour needed per person.  
The regional differences in diets are studied in detail in chapter 6. A type of 
footprint approach is followed, but in contrast with chapter 4 and 5, the 
production system is kept constant to only explore the impact of regional 
dietary differences on the use of resources. The indicators to discuss the impact 
of diets on resources are the per capita use of land, water, energy and GHG 
emissions. 
Finally, chapter 7 is the general discussion of the thesis in which the general 
methodology is described in detail and the results of the sub-projects are 
integrated. The future challenges for the use of resources are discussed using 
the new insights obtained with the integrative analysis done in this thesis. 
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